We present here SPECULOOS, a new exoplanet transit search based on a network of 1m-class robotic telescopes targeting the ∼1200 ultracool (spectral type M7 and later) dwarfs bright enough in the infrared (K-mag ≤ 12.5) to possibly enable the atmospheric characterization of temperate terrestrial planets with next-generation facilities like the James Webb Space Telescope. The ultimate goals of the project are to reveal the frequency of temperate terrestrial planets around the lowest-mass stars and brown dwarfs, to probe the diversity of their bulk compositions, atmospheres and surface conditions, and to assess their potential habitability.
INTRODUCTION
One of the most fundamental questions raised by humankind is how frequently, and under which conditions life exists around other stars. Its scientific answer requires the detailed atmospheric characterization of temperate rocky exoplanets to search for potential biosignature gases. 1 The sample of transiting exoplanets found so far represents a genuine Rosetta stone to understand extrasolar worlds because their special geometry offers the possibility to study their atmospheres through eclipse (transit and occultation) spectroscopy, without having to spatially resolve them from their host stars.
2 Over the last ∼15 years, these techniques have been applied to transiting hot Jupiters, Neptunes, and a few favorable Super-Earths, giving us first insights into their atmospheric chemical compositions, pressure-temperature profiles, albedos, and circulation patterns (for comprehensive reviews, see e.g. Ref. 2 or 3) . However, exporting these methods to the atmospheric characterization of an Earth-twin transiting a Sun-like star is out of reach for all the existing or currently planned astronomical facilities. The main reasons for this are the lack of a suitable target, the overwhelmingly large area contrasts between the solar disk and the tiny Earth's atmospheric annulus, and between the Sun's and Earth's luminosities. They lead to very-low signal-to-noise ratios (SNRs) for any atmospheric spectroscopic signature and any realistic observing program with upcoming facilities such as the James Webb Space Telescope 4 (JWST). 5 Fortunately, this negative conclusion does not hold for an Earth-sized planet transiting a nearby host of the smallest kinda nearby 'ultra-cool dwarf'
6 (UCD).
In this context, we present here our ground-based transit survey SPECULOOS * (Search for Planets EClipsing ULtra-cOOl Stars, Burdanov et al. 2017 , 7 Gillon et al. 2018 8 ) , which aims at exploring the nearest UCDs for transits of temperate terrestrial planets, focusing on those that are bright enough in the near-IR to make possible the atmospheric study of a transiting Earth-sized planet with JWST and other future facilities.
SPECULOOS: SEIZING THE ULTRACOOL DWARFS OPPORTUNITY
UCDs are traditionally defined as dwarfs with effective temperatures lower than 2700 K, luminosities lower than 0.1% that of the Sun, and spectral types M7 and later, including L, T and Y dwarfs. 6, 9 They have masses below ∼0.1 M , extending below the hydrogen burning minimum mass (HBMM) of 0.07 M , into the realm of non-fusing brown dwarfs. Their sizes are comparable to that of Jupiter (∼0.11 R ), with radii reaching a minimum of ∼0.08-0.10 R near the HBMM. Their cool atmospheres are rich in molecular gases (H 2 O, CO, TiO, VO, CH 4 , NH 3 , CaH, FeH) and condensed refractory species (mineral and metal condensates, salts and ices), producing complex spectral energy distributions, strongly influenced by composition and chemistry, that peak at near-and mid-IR wavelengths. Thanks to the proliferation of red optical and near-IR surveys over the past 20 years, the UCDs population in the close solar neighbourhood (<20 pc) is now well known, 10, 11 except for the coolest (late-T and Y types) brown dwarfs. Overall, UCDs appear to be less numerous than more massive M stars (0.1 M < mass < 0.5 M ), but are more abundant than solar-type FGK stars in the immediate solar neighbourhood (e.g., >5:1 UCDs:G dwarfs in the 8 pc census).
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Despite that UCDs represent a significant fraction of the Galactic population, their planetary population is still a nearly uncharted territory. As of today, only nine bona fide planets have been found in orbit around UCDs: two planets detected by microlensing around distant UCD stars -the ∼3.2 M ⊕ planet MOA-2007-BLG192Lb, 13 and the ∼1.4 M ⊕ planet OGLE-2016-BLG-1195Lb 14 -and the seven Earth-sized planets transiting the nearby UCD star TRAPPIST-1 15, 16 (see Section 4.1). The two microlensing planets are very interesting, because they demonstrate that UCDs can form planets more massive than the Earth despite the low mass of their protoplanetary discs. On their side, the Earth-sized planets transiting TRAPPIST-1 indicate that compact systems of small terrestrial planets are probably common around UCDs, as TRAPPIST-1 is one of only ∼50 UCDs targeted by the SPECULOOS prototype survey ongoing on the TRAPPIST-South telescope 17, 18 since 2011 (see Section 4). Objects of one to a few Jupiter masses have also been found around UCDs by microlensing [19] [20] [21] and direct imaging, 22-25 but they were probably formed similarly to binary systems through gravitational fragmentation, 26 and should thus be considered more as "sub-brown dwarf" than as planets † .
The planet detections mentioned above are consistent with the growing observational evidence that young UCDs are commonly surrounded by long-lived protoplanetary discs 27, 28 and also exhibit the hallmarks of preplanetary formation: evidence of disc accretion, 29 circumstellar dust excess, 30 accretion jets, 31 and planetesimal formation. 32, 33 Furthermore, while they do not favor the formation of giant planets around UCDs, planetary formation models do predict terrestrial planets, [34] [35] [36] with possible volatile-rich compositions depending on the structure and evolution of the planetary disc. 37 These observational and theoretical considerations hint at the presence of a large, mostly untapped, population of low-mass planets around UCDs.
Radial velocity and transit surveys have revealed that close-in packed systems of low-mass planets are very frequent around solar-type stars. 38, 39 Half of the stellar content in our Galaxy is composed of stars with a mass inferior to 0.25 M , 40 which is approximately three times more than single Sun-like stars. Early statistics also indicate that rocky planets might occur three to five times more frequently around such stars than Solar twins. [41] [42] [43] If this trend continues to the bottom of the main-sequence, low-mass planets around UCDs could well represent the most common Earth-sized planets in our Galaxy. The detection, and the study of these planets is therefore crucial to comprehend how Earth-like planets assemble, which range of climatic conditions are possible, and which variety of atmospheric compositions exist. Regardless of whether those worlds turn out to be habitable, or indeed inhabited, their detection and their study will inform us about the frequency and conditions for biology in the Cosmos.
UCDs have characteristics that make them not only ideal targets to search for transiting temperate rocky worlds, but also optimal for their atmospheric characterization. Figure 1 (left) shows the probability of transit, transit depth, and number of orbits per year for an Earth-sized planet, with an equilibrium temperature of 255 K (like Earth), as a function of the host's mass. It can be seen that UCDs present several advantages. First, their small size leads for Earth-sized planets to transit signals that are about two orders of magnitude deeper than for Earth-Sun twin systems. Expected transit depths range from a few 0.1% up to >1%, which is routinely detected by many ground-based surveys. 44 Because of their low effective temperature, UCDs also harbor a habitable zone 45 that is much closer to them than that of a solar-type star, making the transits of potentially habitable planets more likely (geometric transit probabilities higher than 1.5%) and frequent (periodicities of a few days, 100 transits/year). UCDs are also optimal targets for the atmospheric characterization of their potential transiting planets, thanks to their low luminosity and small size, and the resulting large planet-to-star flux and size ratios. Regarding for example the transmission spectroscopy technique, de Wit & Seager (2013) 46 showed that for a given planet (fixed radius, mass, and equilibrium temperature), the SNR of an atmospheric spectral feature scales as B λ (T )/(R d), where B λ (T ) is the host's spectral radiance (with B λ the Planck function and T the effective temperature), R is the host's radius, and d is its distance to Earth. Figure 1 (right) shows the ratio B λ (T )/(R ) -normalized for a Sun-like star -as a function of the effective temperature T . This ratio -and thus the SNR in transmission -is constant for all stars with earlier spectral types than M2V, but increases significantly towards late M dwarfs and peaks for UCDs. As a consequence, fewer transit observations need to be co-added to reach a significant detection of atmospheric features for terrestrial planets transiting UCDs than for those around solar-type stars. In this regard, the fast occurrence of eclipses mentioned above for potentially habitable planets around UCDs is also a considerable advantage, as it takes much less time to obtain a given amount of in-transit observations for these planets than for an Earth-Sun twin system. The SNR scales inversely as the distance to the host, making the nearest UCDs the best targets for the search of temperate rocky exoplanets on which potential biosignatures could be detected with the next-generation facilities. This is the main goal of our SPECULOOS survey.
SURVEY DESIGN

Target sample
The target sample of our survey consists of all the known nearby UCDs with a K-band magnitude ≤ 12.5, i.e. bright enough in the near-IR for possible future follow-up studies with JWST. Following de Wit & Seager (2013), 46 an Earth-sized planet around an M9 dwarf star is amenable to atmospheric characterization via transmission spectroscopy up to 50 pc assuming 200 hours of in-transit observations. Assuming for SPECULOOS' scope a cap for JWST programs targeting temperate rocky planets of 150 hours (and noting that TRAPPIST-1's K-mag = 10.3), we fixed our targets' brightness limit to K-mag = 12.5. We identified ∼1200 possible targets, among 46 For both panels, the green area shows approximately the range that SPECULOOS will explore. which ∼86.7% M-type (M7-M9), ∼13.2% L-type, and ∼0.02% T-type dwarfs. Figure 2 shows their distribution as a function of spectral type and K-mag. The vast majority of our targets are UCD stars. Based on their spectral type distribution, we indeed estimate that only ∼10% of our targets are brown dwarfs.
General instrumental concept and observational strategy
Of course, these UCD targets are spread all over the sky, which means that they have to be monitored individually. However, the short orbital periods of planets in the habitable zone around UCDs (cf. Section 2) translate into a required photometric monitoring of much smaller duration for the detection of such planets than for Earth-Sun twin systems. Consequently, a transit search targeting the ∼1200 UCDs of our sample could be done within ∼10 years with a realistically small number of ground-based telescopes. Still, this strategy makes necessary being able to detect a single transit event to prevent allocating one telescope to one UCD for unrealistic durations, and thus results in a stringent requirement for very-high photometric precisions ( 0.1%).
Due to their low temperatures, UCDs are faint in the optical, their spectral energy distribution peaking at near-and mid-IR wavelengths. Using large telescopes combined with infrared detectors could thus appear a priori as the only option for achieving high photometric precisions on these objects. SNR computations convinced us that it was not the case, and that 1m-class telescopes equipped with near-IR-optimized CCD cameras (providing good efficiencies up to 1 µm) should reach the required high photometric precisions. We validated this strategy through a prototype survey, that we will describe in Section 4.
Due to our requirement for very-high photometric precisions, we choose to observe a given target continuously during a number of nights long enough to explore efficiently its habitable zone for transiting planets, instead of making each telescope point another target every few minutes in the course of the nights, as done by some other surveys. 48 The continuous observation of the targets does not only maximize the photon counts, it also minimizes systematics and improves the photometric detection threshold by letting the telescope keep the stars on the same pixels of the detector during the whole night, thus optimizing the capacity to detect low-amplitude transits. Furthermore, the need for continuous observation is also driven by the expected short transit duration (down to 15 min) for very-short-period (≤1 d) planets orbiting UCDs.
Each target should be observed during a number of nights long enough to explore efficiently its habitable zone for transiting planets. For our survey, we choose to fine-tune this monitoring duration for each target as a function of its spectral type so as to reach a 70% probability of observing the transit of a planet that receives the same irradiation from its host star as the Earth does from the Sun. This was done by simulations (see Section 7.1) that resulted in monitoring durations per target of 20, 16, 13, and 10 nights for the spectral types M7, M8, M9, and later, respectively (assuming 8 hours of continuous observation per night). Integrating over our ∼1200 targets results in a total of 19,500 nights required by the survey, what can be done in ∼10 years considering realistic observations with a network composed of two facilities of 4 telescopes each, one in each hemisphere, and assuming a global efficiency of 70% (i.e. 30% of loss due to, e.g., bad weather or technical problems).
These considerations sketch the general instrumental concept of our survey: a network of ground-based 1m-class optical telescopes equipped with near-IR-optimized CCD cameras, monitoring each UCD of our sample individually and continuously, for a duration long enough to probe efficiently its habitable zone for transiting planets.
A global network of robotic telescopes
SPECULOOS will eventually be based on two nodes, one in each hemisphere. The southern one, the SPECU-LOOS Southern Observatory (SSO), is currently being commissioned at the ESO Paranal Observatory in the Chilean Atacama Desert. It consists of four 1-m telescopes that will explore our ∼600 southern UCD targets for transits. The northern node of SPECULOOS, the SPECULOOS Northern Observatory (SNO), is also planned to consist of four 1-m telescopes, and will be located at Teide Observatory in Tenerife (Canary Islands). SAINT-EX ‡ , a new robotic 1-m telescope being installed at the National Astronomical Observatory of Mexico (San Pedro Mártir), will also partially contribute to SPECULOOS. Finally, our two 60-cm robotic telescopes, TRAPPISTSouth (ESO La Silla Observatory, Chile) and TRAPPIST-North (Oukaïmeden Observatory, Morocco) § , also participate in the SPECULOOS survey, focusing on its ∼100 brightest targets.
PROTOTYPE ON TRAPPIST-SOUTH
SPECULOOS started back in 2011 as a prototype mini-survey 49 on our TRAPPIST-South telescope, 17, 18 a 60-cm Ritchey-Chretien telescope that has been installed since 2010 at ESO La Silla Observatory in the Chilean Atacama Desert. The telescope is equipped with a 2K×2K thermoelectrically-cooled back-illuminated CCD camera offering excellent quantum efficiencies from 300 to beyond 900 nm. It has a field of view of 22'×22' and a pixel scale of 0.64"/pixel. This prototype survey targets 50 among the brightest southern UCDs, with K-magnitude between 5.3 and 11.4 (mean K-mag=9.7), and uniformly distributed in terms of spectral type and sky position. Its concept is to monitor in a wide near-IR filter (transmittance > 90% from 750 nm) each UCD during at least 100 hours spread over several nights. The initial goals of this prototype survey were to assess the typical photometric precisions that can be reached for UCDs on nightly timescales with such an instrumental setup and the resulting detection thresholds for terrestrial planets. ‡ http://www.saintex.unibe.ch/ § http://www.trappist.uliege.be/ Importantly, we also wanted to identify the possible astrophysical and atmospheric limitations of the SPECU-LOOS concept. Indeed, UCDs are commonly considered as variable objects. 50, 51 This is related to stellar activity for UCD stars (flaring emission, rotational modulation induced by spots on the photosphere) and to evolving weather patterns for brown dwarfs (rotational modulation due to heterogeneous cloud covers). This variability could have been a big issue for our survey, strongly limiting the ability to detect low-amplitude transits.
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Another possible barrier to the relevance of the SPECULOOS concept could have come from the Earth's atmosphere. Indeed, in the very-near-IR, the water molecule and OH radical contribute to a number of absorption bands, as well as significant emission for OH (airglow). This brings unavoidable significant levels of red noise in photometric time-series, 52 whose impact on our ability to detect transits had to be thoroughly assessed.
Results
About 40 UCDs were observed by TRAPPIST-South in the period from 2011 to 2017. Half of the observed UCDs show "flat" light curves, i.e. stable photometry on the night timescale (see Fig. 3 -top) . Some of the other UCDs (∼20%) show clear flares in some light curves. These flares are seen in near-IR light curves as sudden increase of a few percents of the measured brightness, followed by a gradual decrease back or close to the normal level, the whole process taking only 10 to 30 min (see Fig. 3 -middle) . In the context of a transit search, it is easy to identify and discard the portions of light curves affected by flares. Furthermore, their frequency is relatively small (1 flare per 3-4 nights on average). Finally, about 30% of the observed UCDs show some rotational modulation (and more complex variability) with up to 5% amplitude (see Fig. 3 -bottom). These rotational modulations do not limit the ability to detect transits as they can be modeled and corrected. One of these objects is the nearby brown dwarf binary Luhman 16AB, that we monitored for nearly a fortnight as part of our prototype survey, right after its discovery was announced in February 2013. 53 The quality of our photometric data allowed us to reveal fast-evolving weather patterns in the atmosphere of the coolest component of the binary, as well as to firmly discard the transit of a two-Earth-radii planet over the duration of the observations and of an Earth-sized planet on orbits shorter than ∼9.5 hours.
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From simulations based on the injection and recovery of synthetic transits of terrestrial planets in TRAPPISTSouth UCD light curves, we have reached the conclusion that the variability of a fraction of UCDs (flares and rotational modulation) does not limit the ability to firmly detect transits of close-in Earth-sized planets. The achieved photometric precisions are globally nominal, with no hint of extra correlated noise, except when the observations were performed in high-humidity conditions. Near-IR ground-based CCD time-series photometry of UCDs from a suitable astronomical site (good transparency, low humidity) can thus reach nominal sub-mmag precisions. These conclusions were recently strengthened by our detection of an amazing planetary system around one of the TRAPPIST-South UCD target, TRAPPIST-1 (Gillon et al. , 15 2017 ).
The nearby (∼12 pc) TRAPPIST-1 system is composed of a middle-aged 55 M8-type dwarf star 56 orbited by seven nearly Earth-sized 57 planets in orbits of 1.5 to 19 days. 15, 16, 58 All seven planets are temperate (equilibrium temperatures <400 K assuming a null Bond albedo) and the three planets TRAPPIST-1e, f, and g orbit in the habitable zone around the star (as estimated following Ref. 45) . Remarkably enough, the seven planets form a (near-)resonant chain, with all sets of three adjacent planets in Laplace three-body resonances. 58 This particular configuration greatly enhances the gravitational interactions between the planets and the resulting transit timing variations (TTVs, see e.g. Ref. 59 or 60), whose dynamical modeling makes it possible to constrain the bulk densities and eccentricities of the planets. 61 The TRAPPIST-1 planets have thus become prime targets for the study of temperate terrestrial worlds outside the Solar System, including the study of their atmospheres, owing to their transiting nature, combined with the infrared brightness (K-mag=10.3), Jupiter-like size (∼0.12 R ), and low luminosity (∼0.0005 L ) of their host star. [62] [63] [64] [65] Since the publication in February 2017 of our discovery paper announcing seven temperate terrestrial planets around TRAPPIST-1 16 ), more than 200 studies have approached this unique system. An interesting aspect is the sheer diversity across the scientific disciplines that are interested in the TRAPPIST-1 system (planet formation and evolution, astrobiology, geophysics, atmospheric science, ...). This demonstrates the strong scientific potential of our SPECULOOS project, with expected results that will benefit a broad community in a field that is becoming increasingly multidisciplinary. 
THE SPECULOOS OBSERVATORIES
The SPECULOOS Southern Observatory
The SPECULOOS Southern Observatory is currently being commissioned at ESO Paranal Observatory (latitude: -24
• 36'56.2", longitude: -70
• 23'25.4", see Fig. 4 -top) . Combining low humidity (80% of nights with <4mm precipitable water vapor) and excellent photometric conditions (78% of photometric nights) * , Paranal is an optimal site for our survey. SSO is composed of four robotic 1-m Ritchey-Chretien telescopes † built by the German ASTELCO ‡ company (see Fig. 4 -bottom). For each telescope, the 1-m diameter primary mirror has a F/2.3 focal ratio and is coupled with a 28-cm diameter secondary at a relative distance of ∼1.6 m, resulting in a combined F/8 focal ratio for the system. Both mirrors are covered with a raw aluminium coating, whose combined reflectance curve is shown in Figure 6 (left). The telescopes have a compact and open design with a lightweight optical tube assembly made of steel, aluminium and carbon fibre components (see Fig. 5 -right). * https://www.eso.org/sci/facilities/paranal/astroclimate/site.html † Since we expect the typical planetary systems around UCDs to be scaled-up versions of the Jovian satellite system (with terrestrial planets replacing the Galilean moons), we decided to name the four telescopes Io, Europa, Ganymede, and Callisto. This design provides a good aerodynamic behavior and low wind resistance, allowing to observe at high wind speeds (up to ∼50km/h). Focusing is realized by a motorized axial movement of the secondary mirror, within a range of ±20 mm with an accuracy of ±5 µm.
Each telescope is associated with a robotic equatorial New Technology Mount NTM-1000, also from ASTELCO. This mount uses direct drive torque motors, which allows very fast slewing (8 • /sec, up to 20
• /sec possible), accurate pointing (pointing accuracy better than 5") and tracking (tracking accuracy without autoguider better than 1" over 10 min), without periodic errors. Such a good tracking accuracy can be achieved thanks to the high encoder resolution (0.0029"/increment) that allows to minimize jitter effects.
A key component of our strategy to achieve high photometric precisions is to keep the stars on the same few pixels for a whole exposure sequence. This is done using an updated version of the DONUTS autoguiding system described by McCormac et al. (2013) . 66 Briefly, this technique relies on a reference image of each science field. The reference image is summed along the X and Y directions, creating two 1D reference image projections. A pair of 1D comparison projections are created for each subsequent science image and the guide correction is measured from a pair of cross-correlations between reference and comparison, in both X and Y directions. Initial tests on-sky have returned a guiding precision of ≤ 0.5 pixels (≤ 0.15") RMS over tens of nights. Further optimization may be possible to improve the current level of precision.
Each telescope is enclosed in a 6.25-m diameter circular building surmounted by an automatized hemispheric wide-slit dome (with sliding doors, see Fig. 5 -left) , made by the Italian Gambato § company. The domes are made of aluminium and painted white outside to minimize reflections and internal heating during the day. A complete azimuth rotation of 360
• takes less than 5 min. Each building also includes an additional rectangular shelter for storage of equipment and for hosting the telescope control computers. The dome and building sizes and distances from each other are optimized to ensure the non-vignetting of each other down to 20
• above horizon.
Each telescope is equipped with an Andor
¶ iKon-L thermoelectrically-cooled camera with a near-IR-optimized deeply depleted 2K×2K e2v CCD detector (13.5 µm pixel size). The field of view on sky is 12'×12', yielding a pixel scale of 0.35"/pixel. The camera can be cooled down to -100
• C (5-stage Peltier cooling). It is usually operated at -60
• C with a dark current of ∼0.1 e − /s/pixel. The detector provides a good sensitivity from ∼350 nm (near-UV) to ∼950 nm (near-IR), with a maximum quantum efficiency of ∼94% at both 420 and 740 nm (see Fig. 6 -left) . However, the window of the camera is optimized for the visible/near-IR and blocks all wavelengths below ∼400 nm (see Fig. 6 -left) . The camera also has a very low fringing in the near-IR (<1%) thanks to both the wedge-design of the window and e2v proprietary fringe suppression technology applied to the detector. There are 4 readout speeds available, up to 5 MHz. SPECULOOS observations are usually performed using the 1MHz readout mode with a pre-amplifier gain of 2 e − /ADU, providing a low readout noise of 6.2 e − . The gain is 1.04 e − /ADU with these settings.
Each camera is associated with a filter wheel from Finger Lakes Instrumentation * * (model CFW3-10) allowing 10 different 5×5 cm filters. The following broad-band filters, all manufactured by Astrodon † † , are currently available: Sloan-g , -r , -i , -z filters, and special exoplanet filters "I + z" (transmittance >90% from 750 nm to beyond 1000 nm) and "blue-blocking" (transmittance >90% from 500 nm to beyond 1000 nm). The transmission curves of these filters are shown in Figure 7 .
The observatory is fully robotic and can be controlled from anywhere where there is internet access, through a Virtual Private Network (VPN) connection between Paranal and the University of Liège (Belgium). Observing plans, consisting of very simple text files, are submitted daily to the ACP Expert Observatory Control Software * 67 installed on the control computer of each telescope. ACP works in combination with the control softwares of the individual subsystems and handles all aspects of the observatory: control of the automated dome, pointing, filter wheel's management, image acquisition, focusing, guiding, etc. Each telescope is equipped with a Boltwood Cloud Sensor II weather station from the Diffraction Limited company † , which monitors the cloud cover, wind speed, humidity, dew point, and amount of daylight. This weather station also includes a moisture sensor which detects rain and snow. It is connected to ACP, triggering an automatic closure of the dome in case of bad conditions. Each dome is also equipped with additional rain and light sensors, working independently from the telescope control computer for extra safety. Several IP-power sockets are connected to the electrical devices inside the domes, to allow remotely rebooting the systems if necessary. Finally, each telescope is also equipped with an uninterruptable power supply (UPS), as well as several webcams and microphones. Figure 6 . Left: Overall system efficiency (black curve) taking into account the CCD quantum efficiency (blue dashed line), the CCD window transmission (orange dashed line), the combined reflectance curve of the primary+secondary mirrors (shown here for one mirror, green dashed line), and atmospheric extinction (for an airmass of 1.5, red dotted line), but assuming that the filter wheel is in "clear" position (no filter). Right: Overall system efficiency through the I + z filter (black curve) compared to a PHOENIX 68 synthetic M9-dwarf spectrum with T eff = 2300 K (grey curve), scaled for clarity. The transmission curve of the I +z filter is shown together with those of the other filters in Figure 7 . The system efficiency beyond ∼800 nm is essentially set by the CCD quantum efficiency. 
The SPECULOOS Northern Observatory
The SPECULOOS Northern Observatory is currently being developed at Teide Observatory in Tenerife (latitude: 28
• 17'59.9", longitude: 16 • 30'41.2", see Fig. 8 ). SNO is envisioned as a twin observatory to SSO. As of June 2018, two of four telescopes are funded. The first of these telescopes, Artemis, will be commissioned over December ' s s, ', 2018. Teide Observatory is a professional observatory managed by the Instituto de Astrofísica de Canarias (IAC) -part of the University of La Laguna -and located between the Teide National Park and the Corona Forestal Natural Park. It presents excellent weather conditions, combining low humidity and clear skies more than 250 nights per year. Its meteorological statistics are similar to its twin site of La Palma (previously the option B for the Thirty Meter Telescope). In addition, Teide Observatory presents unique qualities compared to the other excellent sites of the Northern Hemisphere investigated, notably at the financial, scientific, and operational levels for our teams located in the US and Europe, while allowing a quick deployment of the facility (first telescope to be operational within 18 months from first discussion with the observatory). The operation of SNO will mimic SSO's, leveraging its full robotization. 
PRELIMINARY PHOTOMETRIC PERFORMANCE
The last telescope of the SPECULOOS Southern Observatory will be installed at Paranal in summer 2018. Over the past few months, the first three telescopes have already started monitoring nearby UCDs, allowing us to assess the potential of the facility for the detection of transiting terrestrial planets around these objects. Figure 9 shows some of our light curves for targets of different spectral types, after injection of a synthetic transit signal of a habitable Earth-size planet. It can be seen that the transits are easily visible to the naked eye. Analysing these transit light curves with the latest version of our adaptive MCMC code, 69 we derived detection significances of 12, 14, and 17-σ for the transits on the M7V, M8V, and M9V targets, respectively. Assuming a 5-σ detection threshold, the detection limits in terms of planetary radius for these data are 0.68 R ⊕ for the M7V, 0.65 R ⊕ for the M8V, and 0.57 R ⊕ for the M9V. As part of our ground-based follow-up campaign of the TRAPPIST-1 system (Ducrot et al. in prep.), we also observed transits of the TRAPPIST-1 planets with some SSO telescopes during the second half of 2017. Figure 10 shows a transit of TRAPPIST-1e that was observed simultaneously with 2 telescopes, Io and Europa, in June 2017. It can be seen that the ∼0.5%-deep transit is readily detected in a single event. The detection significance is ∼10-σ in the individual light curves and ∼14-σ in the combined light curve. The RMS of the best-fit residuals is ∼770 ppm/7.2 min for the individual light curves and ∼530 ppm/7.2 min for the combined one. Together, these first results demonstrate the exquisite photometric precisions achievable with the SPECULOOS Southern Observatory on nearby UCDs and its capability to detect on these objects single transits of habitable planets of Earth-size and below, down to the Mars-size regime. Our commissioning data also allowed us to assess the global photometric performance of the SSO telescopes, i.e. not only for UCD targets but for any star, as a function of stellar brightness. Figure 11 shows the measured fractional RMS of the differential light curves (binned per 10 min) of all the stars in a field observed during one night with one of the SSO telescopes (I + z filter, 10s exposure time), as a function of their apparent magnitude in the I + z band. The data are compared with a noise model 70 accounting for different contributions: Poisson noise from the star, read noise from the detector, noise from background light, noise from dark current, and atmospheric scintillation. While we are still working on improving our reduction pipeline, that will be presented in a separate paper (Murray et al. in prep.), it can be noted that the data already match closely the noise model. For bright unsaturated stars, the precision is limited by atmospheric scintillation, for which we have adopted here the law for Paranal from Ref. 71 . Poisson noise from the star dominates for intermediate-brightness stars, while noise from background light dominates for fainter stars, with also a significant contribution from readout noise in that regime. The noise contribution from dark current is negligible. The photometric precisions (10-min binning) range from a few percents for the faintest detected objects, to a few mmag for intermediate-brightness stars, to ∼0.5 mmag for the brightest unsaturated objects. Figure 11 . The data points show the measured fractional RMS of the differential light curves (binned per 10 min) of all the stars in a field observed during one night with one of the SSO telescopes, as a function of their apparent magnitude in the I + z band. The black curve represents a noise model accounting for different contributions: Poisson noise from the star (red), read noise from the detector (green), noise from background light (blue), noise from dark current (purple), and atmospheric scintillation (cyan).
EXPECTED YIELDS
Estimated planet yield
We performed Monte-Carlo simulations to estimate the detection potential of SPECULOOS. Each simulation looped within the current SPECULOOS target list (1136 UCDs with K-mag ≤ 12.5). For each target, a value for the mass, radius, and effective temperature was drawn from the normal distributions shown in Table 1 , and a typical observation window was drawn, assuming N nights of observation in total -N depending on the spectral type (see Section 3. For each period range, the probability for a planet to exist was fixed to 50%, and 80% if a planet was already present in a shorter orbit, assuming thus that low-mass stars tend to form compact multiple systems of low-mass planets 72 and that each of our targets has at least one planet in a short-period orbit. An orbital period was attributed to each planet assuming a uniform probability distribution within its given period range. The orbits were assumed to be circular, and semi-major axes were computed using Kepler's third law. The mass and radius of each planet were drawn from the normal distributions shown in Table 1 , based on the mean and standard deviations of the masses and radii of the seven TRAPPIST-1 planets. 61 A value for the cosine of the orbital inclination cos i 1 of the inner planet of the system was drawn from the uniform distribution U (0, 1). Then inclinations were drawn for the outer planets from the normal distribution N (i 1 , 0.2 2 ), assuming thus a nearly coplanar system.
For each planet, the impact parameter at inferior conjunction was computed. If smaller than 1, the depth and duration of the transit were computed, a random phase was drawn for the orbit, and the code checked if a transit happened within the observation window. If a transit was observed, a photometric signal-to-noise was computed based on its duration and on the expected photometric precision of a SPECULOOS 1m telescope for the star, given its spectral type and magnitude, as computed using the SPECULOOS-South Observatory Exposure Time Calculator. A noise floor level of 500 ppm was assumed to represent the red noises of instrumental, atmospheric, and astrophysical origins. At the end, if the resulting signal-to-noise was larger than 5, the transit was assumed to be detected, and the parameters of the planet and the star registered.
We performed 1000 simulations that resulted for the detected planets in the probability distributions shown in Figure 12 . Planets with irradiations between 25 and 150% times the one of the Earth were assumed to be temperate.
45 Table 1 summarizes the results of the simulations. Under our work assumptions, SPECULOOS should detect ∼40 planets -including ∼15 temperate ones -in ∼20 systems. With 8 telescopes and a global efficiency of 70%, the survey should take ∼10 years to be completed. Figure 12 shows that SPECULOOS will be well sensitive to Earth-sized planets, its most likely detected planet being an Earth-sized world on a ∼2d orbit around a ∼0.09 M star with a K-mag around 12. This harvest has of course to be taken with a pinch of salt, as the planetary population of UCDs is still poorly explored. Nevertheless, there are only 81 objects with K-mag ≤ 10.5 in the SPECULOOS target list, including TRAPPIST-1 (K-mag = 10.3). Running the same simulations than described above for this brightest sub-sample leads to ∼1-6 detected planets -including 0-2 temperate ones -within ∼1-3 systems. The detection of TRAPPIST-1 is thus consistent with a high frequency (a few dozens of %) of compact systems of Earth-sized planets around UCD stars. But we note that even when assuming a frequency of 100% for planets in each period ranges, only 4.5% of the simulations lead to the detection of a system of 7 planets transiting a target brighter than K-mag = 10.5. Nature was thus very kind to us, Earth people, by adjusting the ecliptic plane of the TRAPPIST-1 system to make it so well edge-on as seen from our planet.
Spectral type
Mass (M ) Radius (R )
Planets 42 ± 10 Systems 22 ± 5 Temperate planets 14 ± 5 Table 1 . Normal distributions of the stellar (top) and planetary (middle) parameters assumed in our SPECULOOS yield simulations, and resulting harvest (bottom).
Extra scientific outputs
By gathering long sequences of high-precision near-IR photometry for nearby UCDs, SPECULOOS also represents a unique tool for exploring the physics of these objects. UCDs are generally rapidly rotating bodies with typical periods of only a few days for UCD stars and periods <24 hours for most brown dwarfs. 74, 75 As mentioned in Section 4, UCDs can show some rotational photometric variability (see Fig. 3 -third target) , induced by spots or heterogeneous cloud decks for the cooler objects. In this context, the SPECULOOS photometric monitoring of these objects over a duration of at least 10 nights, is particularly valuable as it covers several : re.W. full rotations (see Figure 13 for an example). For the UCD stars of our sample, it makes possible the precise determination of their rotation periods, the estimation of their fractional surface coverage of active regions, and the exploration of the possible relationship between activity and rotation period. 51, 76 In the brown-dwarf regime, the long-duration photometric monitoring provided by SPECULOOS can help disentangle their rotation periods from complex effects due, e.g., to differential rotation, atmospheric circulation, or cloud evolution, ultimately leading to new insights into their atmospheric physics. 54, 77, 78 Finally, coupling the flares frequency of UCDs (see Fig. 3 -second target) in SPECULOOS photometry to archival UV, X-ray, and radio measurements can provide an estimate of the magnetic energy output from these objects. In addition to producing a unique photometric database for a large sample of UCDs, the SPECULOOS data will also represent a valuable dataset for the astronomical community at large: the intense photometric monitoring (≥10 nights) with 1-m telescopes of a total field of view ‡ of 48 deg 2 in the very-near-IR, with excellent time and spatial sampling. In agreement with ESO, we will provide a public access to the photometric data gathered with the SPECULOOS Southern Observatory after a 1-year proprietary period. Reduced images, as well as extracted light curves of all objects with J -magnitude≤15, will be made available to the community via the ESO archive § .
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